Abstract: Our theoretical findings demonstrate for the first time a possibility of band-gap engineering of monolayer MoS 2 crystals by oxygen and the presence of vacancies. Oxygen atoms are revealed to substitute sulfur ones, forming stable MoS 2 x O x ternary compounds, or adsorb on top of the sulfur atoms. The substituting oxygen provides a decrease of the band gap from 1.86 to 1.64 eV and transforms the material from a direct-gap to an indirect-gap semiconductor. The surface adsorbed oxygen atoms decrease the band gap up to 0.98 eV depending on their location tending to the metallic character of the electron energy bands at a high concentration of the adsorbed atoms. Oxygen plasma processing is proposed as an effective technology for such band-gap modifications.
Introduction
Two-dimensional (2D) crystalline materials like graphene OE1 , silicene OE2 4 , and molybdenum disulfide (MoS 2 / OE5 have recently attracted increased interest because of their electronic and optical properties which are attractive for new approaches of information processing at the nanoscale. Graphene and silicene demonstrate mainly metallic behavior leaving well studied semiconducting MoS 2 to be the most promising candidate for novel semiconductor-based nanoelectronic and nanophotonic devices. Its applicability in photovoltaic or photocatalytic elements OE5; 6 or transistors OE5; 7 10 has already been confirmed. Charge carrier mobility in the channel of field-effect transistors based on 2D MoS 2 was found to be comparable to that in thin silicon films or graphene nanoribbons OE11 13 . The transistors have a high on/off ratio (about 10 8 / and nearly ideal subthreshold swing (74 mV/dec). These features allow one to consider MoS 2 as a promising candidate for a digital switch. Monolayer MoS 2 -based phototransistors show fast response (50 ms) and high photoresponsivity (7.5 mA/W) OE13 . Thickness-dependent photodetection has also demonstrated that monolayer and bilayer MoS 2 are sensitive to green light, while the trilayer is effective for red light detection OE8 .
Bulk MoS 2 was experimentally reported to be a semiconductor with an indirect band gap (E g / of 1.23-1.29 eV OE14; 15 , whereas a MoS 2 monolayer was described as a direct-gap semiconductor with a band gap of about 1.8 eV OE16 . According to the theoretical predictions in Reference [17] , bulk MoS 2 is an indirect gap semiconductor with E g D 1.52 eV, while monolayer MoS 2 has a direct gap of 1.72 eV. However, the fundamental band gap of few-layer MoS 2 cannot directly be obtained from optical experiments, as generally the optical gap is smaller than the fundamental gap by the value of exciton binding energy. Nevertheless, experimental photoluminescence data of MoS 2 layers OE18 is consistent with the theoretical prediction of transition from indirect to direct band gap when going from multilayer to monolayer 2D MoS 2 .
There were several attempts of band gap engineering in MoS 2 . Its gap was found to be sensitive to an external electric field OE19 or biaxial strains OE17 . These approaches evidently have limited practical applications; a much more effective way of MoS 2 properties modification can be proposed through adsorption of adatoms and vacancy defect creation. Earlier, Huang and Cho OE20 investigated the adsorption of CO on a pure 1H-MoS 2 surface by using density-functional theory (DFT). Similarly, aromatic and conjugated compounds on MoS 2 were also studied OE21 . In Reference [22] the authors investigated adsorption of C, O, and Co atoms on MoS 2 nanoribbons and analyzed the impact of vacancies on the properties of the structure. In Reference [23] the adsorption of nonmetal elements like H, B, C, N, O, and F on the surface of MoSe 2 , MoTe 2 and WS 2 nanosheets was studied, and the conditions of the appearance of local magnetic moment were determined. That information is important for the design of spintronic devices. In this paper, we present an alternative way of band gap engineering in MoS 2 . We have theoretically analyzed the possibility of modification of electronic energy band structure of molybdenum disulfide by the presence of vacancies or oxygen atoms which are adsorbed or replace sulfur atoms, supposing that oxygen being isovalent to sulfur will perfectly substitute the later ones in the crystal lattice of MoS 2 .
Computational details
The unit cell of bulk MoS 2 in hexagonal 2H phase (space group P6 3 /mmc) consists of two S-Mo-S layers, where Mo atoms of one layer are located on top of S atoms of the other layer, and vice versa. The layers are bonded to each other through Van-der-Waals forces. Each layer consists of two hexagonal planes of S atoms and an intermediate hexagonal layer of Mo atoms, thus each Mo atom is coordinated to six surrounding S atoms. In our calculations MoS 2 layered material was represented by a unit cell consisting of 1 S-Mo-S monolayer (ML). To study the defect formation, the unit cells with the translational symmetry from 2 2 up to 6 6 were used. The 6 6 cell for 1 ML is shown in Figure 1 .
Full structural optimizations and total energy calculations within the DFT using the Vienna ab initio simulation package VASP OE24 with a plane-wave basis set were performed to simulate the stable atomic arrangements and electron energy band structures of pure and defected MoS 2 2D structures. Projectoraugmented wave (PAW)-type pseudopotentials of PerdewBurke-Ernzerhof's (PBE)
OE25 within the generalized gradient approximation (GGA) or local density approximation (LDA) of Ceperly and Alder OE26 were used. For more accurate results 4p semi-core states of Mo were treated as valence. Additionally in order to determine the lattice constants and energy gap of bulk MoS 2 we have modeled its characteristics using vdW exchange functional, describing Van-der-Waals interaction, implemented in VASP code OE27 . Total energy minimization was achieved by calculation of Hellmann-Feynman forces and the stress tensor. The atomic relaxation was stopped when forces on atoms were less than 0.01 eV/Å. The energy cutoff of 520 eV was applied, while the 16 16 1 grid of -centered points was used. The self-consistent procedure was continued until the difference between the total energies in two successive iterations was less than 1 meV/atom. A different vacuum width was approbated and 21 Å was finally found to be quite enough to suppress the influence of neighboring layers. For the band structure representation we have chosen up to 45 k-points for each segment along the high-symmetry directions of the hexagonal Brillouin zone.
We analyzed the influence of oxygen doping and oxygen adsorption as well as sulfur atom vacancies on the atomic arrangement and electron energy bands in MoS 2 layered structures. Oxygen is supposed to substitute sulfur in the lattice of MoS 2 thus providing the formation of the MoS 2 x O x ternary compound. The number of oxygen atoms (x/ in the cells considered varies from 1 of 4 (25 at.%) for the 2 2 cell up to 1 of 72 (1.39 at.%) for the 6 6 cell.
Results and discussion
According to our calculations within the LDA approach taking into account the Van-der-Waals interlayer interaction, bulk MoS 2 was confirmed to be an indirect-gap semiconductor with a band gap of about 0.9 eV, that is somewhat lower than values extracted from other theoretical simulations OE17; 19 and experiments OE14; 15 . One should note, however, that fundamental band gaps obtained within the LDA approach should not be compared with experimental optical transition energies due to the excitonic effects OE28 and may be used mostly for qualitative analysis. Nevertheless, the structural parameters obtained with the vdW functional is much closer to experimental values than those obtained with pristine GGA or LDA approaches. The valence band maximum (VBM) is located at the -point while the conduction band minimum (CBM) lies between the and K-points that agrees well with the results, presented elsewhere OE19 . The calculations performed for pristine layered 2D MoS 2 have shown results close in general to the published data for this material. We have got the equilibrium in-plane lattice parameter a of 3.19 Å (GGA) and 3.12 Å (LDA) appropriately corresponding to the experimental a D 3.16 Å OE29 . The layered structure unlike bulk material behaves in a different way: VBM at the K point moves toward the Fermi level and occupies the same level as the -point. Thus, the material behaves as a quasidirect gap semiconductor with the band gap of 1.86 eV.
The band structures of a single layer of undoped MoS 2 for a different number of translational cells are presented in Figure 2 . The differences observed for 3 3 and 6 6 cells occur due to the symmetry of the hexagonal cell; however, the gap value remains unchanged.
Studying the effect of sulfur vacancies in MoS 2 , we modeled their different concentrations by means of the unit cell translation. Figure 3 shows a series of energy band structures with one sulfur atom vacancy per cell. In the case of the en- larged 2 2 supercells (the distance between the vacancies is about 6.12 Å) new bands arise in the energy gap due to defect states, while the rest of the bands have practically the same dispersion except the upper valence band. The performed analysis of the density of states (DOS) shows that these bands are mainly formed by 4d-states of molybdenum atoms together with 3p-states of sulfur atoms, as it was already reported in Reference [30] . Additionally we found that only atoms neighboring a sulfur vacancy formed these additional bands. One sulfur vacancy in the 2 2 cell reduces the in-plane lattice constant a of MoS 2 from 3.120 to 3.002 Å.
The formation energy of the vacancy, E vac , was calculated by subtracting the total energy of the perfect structure from the sum of the total energy of a structure with a vacancy and the total energy of the missing atom in the vacancy defect. The total energy of the missing sulfur atom (i.e. its chemical potential) was determined from the bulk elemental phase. We obtained E vac D 2.8 eV, a positive value of which indicates an endothermic process of vacancy formation.
In the study of oxygen doping on the electronic properties of MoS 2 , one sulfur atom from the top of the slab was replaced by an oxygen one and the atomic configurations were analyzed by varying the number of unit cells, thus obtaining different oxygen concentrations in MoS 2 x O x (x D 1/72, , 1/4).
As a result of structural optimization the crystal lattice of oxygen-doped MoS 2 remains practically unchanged. The oxygen atom preserves the in-plane position of the substituted sulfur atom while it moves closer to the neighboring Mo atom in the z direction. It results from the smaller S-O interatomic distance (2.77 Å) as compared to the S-S one (3.13 Å) and the Mo-O distance (2.08 Å) as compared to the Mo-S one (2.42 Å). The in-plane lattice parameter a of oxygen-doped MoS 2 is 3.13 Å that is practically equal to the one for undoped MoS 2 (3.12 Å).
The electron band structures presented in Figure 4 show that such substitution narrows the band gap in the case of the 2 2 cells, while the material changed to be an indirect-gap semiconductor. For the larger number of cells (starting from 3 3) the changes of the gap are insignificant. The changes in band structure also depend on oxygen concentration and the proximity of neighboring oxygen atoms. The closer oxygen atoms are located, the smaller is the energy gap. Small concentrations of oxygen atoms practically do not change the gap, whereas the 3 3 structure already demonstrates direct-gap behavior. The gap varies from 1.64 eV for 2 2 to 1.86 eV for 6 6 cells, which is practically the same as for pristine 2D MoS 2 .
The analysis of partial densities of states for each case of substituting oxygen has shown that oxygen states do not give a sizable contribution; in all cases considered, the states in the proximity of the Fermi level are composed mainly by Mo 4d and S 3p electrons.
The changes in the band behavior occurring upon increasing the number of unit cells could be explained by the folding of the Brillouin zone for the hexagonal lattice. Nevertheless, the oxygen substitution of sulfur does not change the dispersion of the bands near the Fermi level, especially at the bands extrema. Thus, one can expect the carrier effective masses at the -point and K-point, which are crucial for the transport properties of the material, to be practically the same as for the undoped material.
An effect of adsorption of oxygen atoms by the MoS 2 slab's surface was considered for up to 3 3 cells. As the surface of the slab is uniform, there are two possible positions of oxygen atom to be adsorbed: above one of the sulfur atoms (on top position) and in the center of the hexagon. In the second case the structural relaxation moved an O atom between molybdenum atoms (interstitial position). The first variant (O atom above S atom) was found to be the energetically favorable case. Band structures, obtained for the 3 3 supercell, are presented in Figure 5 . The reduction of the gap is observed for both cases, and becomes more pronounced when the oxygen atom occupies interstitial position. It is interesting to see that the adsorption of the oxygen atom on sulfur atoms reduces the gap slightly, up to 1.79 eV, whereas its location position in depth of the slab leads to gap reduction up to 1.37 eV.
The analysis of the total DOSs in MoS 2 and MoS 2 x O x shows that the substitution of a sulfur atom by an oxygen one does not influence much DOS spectra, changing mainly the location of the peaks due to the changes in the band structures. The valence and conduction bands near the Fermi level in MoS 2 x O x are also mainly defined by 4d electrons of molybdenum with 2p electrons of sulfur. The O-2p electrons play an insignificant role, while all other states lie far from the region of interest.
When analyzing the DOS for the adsorbed oxygen (Figure 6 ) one can note strong changes of the band gap behavior upon increasing the cell size when an oxygen atom plays the role of an interstitial defect and less pronounced changes when oxygen is placed over a sulfur atom. In the first case when oxygen concentration is maximal the material behaves like a metal, increasing the gap up to 0.98 eV upon reducing the oxygen concentration (3 3 cell). In the case of adsorption on the top of the sulfur atom the material stays as a semiconductor with the 
Conclusions
The atomic structure and electronic properties of pure, defected and oxygen doped MoS 2 crystals analyzed with ab initio simulation confirm that, being an indirect-gap semiconductor with the energy gap of 0.9 eV for a bulk material, in the form of one monolayer 2D crystal it becomes a quasi-direct semiconductor; the energy gap in such a case increases up to 1.86 eV and its valence band maxima occurs either in the -point or in the K-point. The replacement of sulfur atoms by oxygen ones does not disturb the stability of the crystalline structure of the matrix thus proving the formation of MoS 2 x O x . Such doping narrows the band gap by approximately 0.22 eV with respect to an undoped material. Adsorption of oxygen atoms on top of sulfur ones slightly reduces the gap, whereas an oxygen atom located in the interstitial position has a more pronounced effect on the gap and at high concentrations transforms the host material into metal. A way of MoS 2 band gap modification by its processing in oxygen plasma is proposed to be an effective tool for that OE31 .
